A 2-hydroxyphenacyl moiety absorbing below 370 nm is proposed as a new photoremovable protecting group for carboxylates and sulfonates. Laser flash photolysis and steady-state sensitization studies show that the leaving group is released from a short-lived triplet state. In addition, DFT-based quantum chemical calculations were performed to determine the key reaction steps. We found that triplet excited state intramolecular proton transfer represents a major deactivation channel. Minor productive pathways involving the triplet anion and quinoid triplet enol intermediates have also been identified.
Introduction
The 4-hydroxyphenacyl (1, pHP) photoremovable protecting group (PPG) 1, 2 has received considerable attention due to its fast and efficient substrate release along with the major by-product, 4-hydroxyphenylacetic acid (Scheme 1). [3] [4] [5] [6] A recent study has shown that various substituents on the pHP chromophore only slightly affect the overall efficiency and release rates. 7 The presence of water is essential for this reaction as the photorearrangement is completely suppressed at low water concentrations. 8, 9 Derivatives of pHP have been utilized as PPGs in a variety of fields, such as neurobiology, enzyme catalysis, and biochemistry. 10 Release of the protected substrate from the pHP chromophore (Scheme 1) is believed to occur via a waterassisted adiabatic triplet biradical extrusion followed by the formation of a putative ground state spirodienedione (2) , reminiscent of the Favorskii rearrangement intermediate.
We have recently demonstrated that benzofuranones are formed by irradiation of the substituted 2-hydroxyphenacyl (oHP) benzoate 3 in the presence of water (Scheme 2). 9 It was suggested that the products are formed via a photo-Favorskiitype rearrangement through a putative spirodienedione intermediate.
The 2-hydroxyphenyl ketones are known to undergo a very fast (10 −15 s) and efficient singlet excited-state intramolecular proton transfer (ESIPT) between the two neighboring oxygen atoms in the gas phase. [11] [12] [13] [14] [15] [16] Fluorescence and phosphorescence spectroscopy of oHP derivatives confirmed that the singlet ESIPT occurs in non-polar solvents while hydrogen bonding of the 2-hydroxy moiety with protic solvent molecules prevents the singlet ESIPT and subsequently leads to the triplet state. 15 However, time-resolved EPR study of 2-hydroxyacetophenone (oHA) in ethanol suggested that singlet ESIPT precedes ISC to the triplet state.
In this work, we report on the synthesis of oHP derivatives and their photochemical behavior. A series of laser flash photolysis experiments and DFT-based quantum chemical calculations were performed to determine the key reaction steps. We show that the oHP chromophore has interesting properties as a photoremovable protecting group for carboxylic and sulfonic acids.
Results

Synthesis
2-Hydroxyphenacyl esters (3a-c) were synthesized in a two-step procedure by bromination of 2-hydroxyacetophenone 4 to give 5 and subsequent nucleophilic displacement of the bromine atom by benzoate, acetate or methanesulfonate (Scheme 3). 2-Methoxyphenacyl acetate (6) was prepared using the same reaction sequence from 2-methoxyacetophenone (7) and subsequently the bromide 8. The overall chemical yields were approximately 50% (ESI ‡). Fig. 1 shows the absorption spectra of 2-hydroxyacetophenone (4; λ max = 248 and 325 nm), its conjugated base 4 − (λ max = 222, 255, and 360 nm) and the conjugate acid 4 + (λ max = 283 and 372 nm). The ground state pK a (4 → 4 − ; H 2 O-CH 3 CN (98 : 2, v/v); 10 mM phosphate buffer) = 10.3 ± 0.3 was determined by a spectrophotometric titration using a global fit to the data.
Absorption spectra
The absorption spectra of 3b in H 2 O-CH 3 CN (95 : 5, v/v) (λ max = 210, 254, and 325 nm) and 3b − in aqueous solution of sodium hydroxide (1 mM; λ max = 240, 260, and 365 nm) are shown in Fig. 2 . The ground state pK a (3b, H 2 O-CH 3 CN (98 : 2, v/v); 10 mM phosphate buffer) = 10.2 ± 0.3 was determined using the same method as that used for 4. The carboxylates 3a,b were found to be stable for over 24 h in buffered ( pH = 7.4; c = 1 mM) and non-buffered aqueous ( pH ≤ 10; c = 3 mM) solutions in the dark; they hydrolyzed at pH ≥ 11. The hydrolysis products were also detected after 48 h in both buffered and nonbuffered solutions. 3c decomposed in solutions of pH ≥ 8, which prevented the determination of its pK a . The maximum aqueous solubility of 4, 3b and 3c was determined to be approximately 3 × 10 −3 M.
Photochemistry
Solutions of the phenacyl ester (3a-c; c ∼ 10 mM) in various solvents or solvent mixtures were irradiated until more than 95% of the starting material had disappeared. All esters released the corresponding acids (HX) in very high yields (Scheme 4; Table 1 ). The 2-hydroxyphenacyl moiety was transformed into two photoproducts, benzofuran-3(2H)-one (9) and minor amounts of benzofuran-2(3H)-one (10) . The disappearance quantum yields of 3a-c in H 2 O-CH 3 CN (1 : 1 or 7 : 3, v/v) were determined ( Table 2 ). The dihydrobenzofuran 11 was formed by irradiation of 2-methoxyphenacyl acetate 6 (∼10 mM) in dry CH 3 CN through a Pyrex filter (λ ≥ 280 nm). The acetate group was not released (Scheme 5). The reaction efficiency (Φ) was below 0.01.
The role of dissolved oxygen was evaluated by obtaining the ratios of the disappearance quantum efficiencies of 3b and 3c in samples purged with either gaseous oxygen (Φ O2 ) or nitrogen (Φ N2 ) ( Table 3) . One sample Student's t-tests indicated that the means of the ratios measured were significantly different from unity at the 0.95 confidence level, signifying the importance of oxygen presence on the phototransformation efficiency. Also, a two-sample t-test showed a statistically significant difference between the means given in entries 1 and 2 of Table 3 at the 0.95 confidence level.
Irradiation (λ exc = 366 nm) of 3b in the presence of 2-naphthalene sulfonate (0.2 M; triplet quencher, E T < 61 kcal mol −1 ; this value is estimated with respect to E T = 61 kcal mol −1 for naphthalene 19 which does not absorb at 366 nm) in D 2 O-CD 3 CN (1 : 1, v/v) led to the formation of both 9 and 10 with approximately the same efficiency as that obtained in the absence of a quencher (see Table 2 ). Triplet sensitization of 3c with xanthenone (0.1 M) in D 2 O-CD 3 CN (1 : 1, v/v) (λ exc = 366 nm; ε (xanthenone)/ε (3c) was 5) led to the same distribution of photoproducts as that shown in Table 1 .
Isotope labeling
The incorporation of oxygen-18 from water as a solvent to the products 9 and 10 during irradiation of 3a (Scheme 4) was studied. Irradiation of 3a in D 2 18 O-CD 3 CN (1 : 4, v/v) gave the same photoproduct distribution (9/10) as that found in D 2 16 O-CD 3 CN (1 : 4, v/v). No
18
O incorporation was observed according to the HRMS analyses. However, the -CH 2 -group protons in both 9 and 10 can be exchanged by deuterons in D 2 O solutions. This process has a half-life of the order of hours.
In contrast, irradiation of 4-hydroxyphenacyl (1, pHP) benzoate (∼10 mM) in D 2 18 O-CD 3 CN (1 : 4, v/v) to 90% conversion gave, along with the release of benzoic acid, two photoproducts, 4-hydroxyphenacylacetic acid (2, 80%) and 4-(hydroxymethyl) phenol (8%), which had one 18 O atom incorporated (Scheme 6). This result is in accordance with the current understanding of the photo-Favorskii reaction mechanism (Scheme 1).
Nanosecond laser flash photolysis: 2-Hydroxyacetophenone
Laser flash photolysis (LFP) of 4 in various solvent systems was carried out using the fourth harmonic of a Nd:YAG laser at 266 nm for excitation. Analogous to our work on the triplet state tautomerization of 4-hydroxyacetophenone, 20 we hypothesized that four excited triplet forms of 4 or 3a-c may persist under various conditions (Chart 1; q = quinoid enol). The assignments of the transient suggested in this section are explained in the Discussion.
LFP of 4 in acetonitrile and n-hexane provided a transient absorption with λ max = 415 nm, which was assigned to the quinoid triplet enol 3 q4 * (Chart 1, Fig. 3 ). Excitation of the ground state anion 4 − (Fig. 1 ) in 1 mM NaOH in acetonitrile at 17 and valerophenone (Φ = 0.30 in cyclohexane) 18 were used as the actinometers. HPLC (3a) and 1 H NMR (3b-c) were used to determine ester concentrations. The results are based on three independent measurements; the standard deviations of the mean are shown.
Scheme 5 Photochemistry of 6. (6) a The ratio of the quantum efficiencies of 3b,c (∼0.2-0.5 mM) disappearance in the samples purged with O 2 (Φ O2 ) and N 2 (Φ N2 ) for 15 min. Irradiated at λ = 313 nm; the conversions were followed by HPLC using methyl benzoate (2 × 10 −4 M) as an internal standard. The 95% confidence interval is given; the number of independent measurements is given in the parentheses for each set of experiments.
266 nm gave a broad transient absorption band with λ max ∼ 490 nm (Fig. 3) , assigned to the triplet anion We found that 4 in CH 3 CN quenches the triplet state of xanthenone giving rise to the absorption band at λ max = 415 nm which is assigned to 3 q4 * (Fig. 6 ).
Nanosecond laser flash photolysis: 2-hydroxyphenacyl esters LFP studies (λ exc = 266 nm) of 3b and 3c solutions in various solvent systems were also carried out. Compounds 3b and 3c in pure acetonitrile or n-hexane gave transient absorption spectra with maxima at ∼420 nm ( . In weakly acidic solutions (acetate buffer, pH = 5.5, I = 0.01 M), 3c provided an absorption band at 460 nm assigned to 3 3c −* ( Fig. S9 ‡) ; an absorption with λ max = 425 nm observed at pH = 1 (aq HClO 4 ) was assigned to 3 q3c * . The kinetic traces of the transients formed by LFP of 4, 3b and 3c were measured in unbuffered 2% acetonitrile aqueous solution Chart 1 Anticipated triplet state transients formed from 3 and 4 (q = quinoid enol).
Scheme 6 Photochemistry of 1 in D 2
18 O/CD 3 CN. Table 4 . In addition, we found that the quenching of 3 3c −* (λ exc = 355 nm) in water by potassium sorbate was nearly diffusion-controlled (Fig. S1 ‡) , and that both 3b and 3c were sensitized by energy transfer from xanthenone triplet in water-acetonitrile 1 : 1 (v/v) ( Fig. S2 and S3 ‡).
Quantum chemical calculations
The relative energies of various conformers of 4 and q4 in their singlet ground and lowest triplet states are summarized in Fig. S11 ‡ The solvation effects were modeled within a polarizable continuum model (PCM) to account for long range solvent effects or a hybrid approach, combining the PCM with explicit solvation by a small number of water molecules to include specific interactions. Two water molecules were used in the case of a hybrid approach, each connecting an oxygen atom of 4, q4 or 4
− to a hydrogen atom in the water molecule via a hydrogen bond or connecting the proton on the oxygen atom of 4 or q4 via a hydrogen bond with the oxygen atom of the water molecule.
No minimum was found for a conformer possessing an intramolecular hydrogen bond (Fig. S11 ‡) of q4 in the ground state; proton transfer to 4 thus occurred spontaneously during the optimization procedure suggesting a very small energy barrier for this process. The same behavior was observed for a 3 4 * conformer possessing an intramolecular hydrogen bond in the triplet state which leads to the formation of a corresponding 3 q4 * conformer. The triplet-triplet absorption spectra calculated for the most stable conformers of 3 20 are shown in Fig. 7 . The two major vertical electronic transitions in the spectrum of 3 q4 * with two explicit water molecules within a simple TD-DFT model are shown as blue bars. Obviously, there are two important transitions which broaden the signal observed for the spectrum of 3 q4 * .
Discussion
The major advantages of the p-hydroxyphenacyl (1, pHP) photoremovable protecting group (PPG) are the solubility of their cages in aqueous solutions and the ultrafast release rates with high efficiencies of decaging forming chemically and biologically benign by-products. Thus, pHP proved to be superior among a variety of known PPGs in neurobiology, enzyme catalysis, and other biochemical applications. 10 A major disadvantage of the pHP chromophore is the necessity to use rather short wavelength UV light for irradiation, which can be destructive to biological material. Excitation of derivatives of 1 is followed by ultrafast intersystem crossing (ISC) to the triplet state (∼3 ps) 8 and a subsequent cascade of intermediates formed in steps, in which water plays a crucial role. The reaction, termed the photoFavorskii rearrangement due to its obvious similarity with the base-catalyzed transformation of α-haloketones, 21 finally gives Recently, we reported that benzofuranones are formed in high yields upon irradiation of 2-hydroxy-4,6-dimethylphenacyl esters (3) in solvents containing an appreciable amount of water (>10%; Scheme 2). 9 This phototransformation, which led to the concomitant release of a carboxylic acid, appears parallel to the photo-Favorskii pathway of the pHP chromophore. In contrast to the photorearrangement of 1, the decarbonylation product (benzyl alcohol) was not formed by the photolysis of 3. In this work, we decided to explore the photochemical behavior of o-hydroxyphenacyl derivatives (3, oHP) as a novel PPG.
The UV spectrum of the parent chromophore of compounds 3, 2-hydroxyacetophenone (4, oHA), is significantly red-shifted with appreciable absorption above 350 nm (Fig. 1) compared to p-hydroxyacetophenone. 20 We determined the pK a of 4 by spectrophotometric titration to be 10.3 ± 0.3, which is shifted by more than two orders of magnitude compared to that of p-hydroxyacetophenone ( pK a = 7.9 ± 0.1 20 ) . It is well known that the conjugate bases of pHP derivatives display a significant decrease in their quantum yields of the leaving group release at pH above their pK a s. 7 Thus the pK a of 4 suggests that derivatives of 3 may not suffer from this drawback. The conjugate acid of 4, 4 + , requires very acidic conditions to exist in appreciable amounts.
The synthesis of the oHP esters 3a-c was straightforward, following a well-known synthetic approach to the derivatives of 1. Thermal stability of 3a/b (at pH < 10) and 3c (at pH < 8) in aqueous solutions holds promise for their application at physiological conditions. Irradiation of 3 in water-containing solvents led to the formation of the two benzofuranones 9 and 10, accompanied by the release of the corresponding acids in high chemical yields (Table 1 ). This photoreaction was suppressed when dry solvents were used, which is also known from the photochemistry of 1.
9,22 However, water obviously does not trap any reactive intermediates, which was demonstrated for 3a by isotopic labeling experiments (Scheme 6 and the related text in the previous section).
The o-hydroxy group is essential for the observed transformation. A different, although inefficient reaction channel opens when the hydroxy group is replaced by a methoxy group in 6. The dihydrobenzofuran 11, formed as the sole product, retains the acetate group (Scheme 5). Such photoinduced δ-hydrogen abstraction reactions have been studied before [23] [24] [25] and were recently applied in the synthesis of cyclophanes. 26 The quantum yields of 3a-c degradation were lower by a factor of 2 when compared with those of the corresponding pHP esters 1.
7,10 The product formation was only slightly reduced by the presence of a triplet quencher (2-naphthalene sulfonate). The triplet energy (E T ) of 4, estimated from our DFT calculations, was ∼72 kcal mol −1 . The triplet energy of p-hydroxyacetophenone is approximately 70.5 kcal mol −1 . 27 We found that tripletexcited xanthenone (E T = 74 kcal mol
) sensitized the reaction of 3c resulting in the formation of both 9 and 10. As a result, the triplet state of 3, 3 3 * , is most likely the reactive state responsible for the release of the leaving group. Provided that energy transfer from 3 3 * to 2-naphthalene sulfonate in 95% water/acetonitrile (v/v) is a diffusion controlled process (k diff ∼ 4 × 10 9 M −1 s −1 ), 29 the lifetime of 3 3 * must be on the order of 1 ns or less, comparable to those of pHP carboxylates.
10,22
The o-hydroxyaryl compounds, such as oHP, are known to undergo ultrafast and efficient ESIPT. [30] [31] [32] Although the ISC rate of 1 3 * can be comparable to that of 1 1 * (∼3 ps), 8 the singlet ESIPT can effectively compete (600 fs in molecular beam) 11 provided that the rate constants do not differ in the gas phase and aqueous solutions. We cannot unambiguously claim at the moment that 3 3 * is obtained by direct irradiation of 3 followed by subsequent ISC of 1 3 * . ESIPT that leads to the formation of 1 q4
* would be feasible if the intramolecular hydrogen bond between the o-hydroxy group and the carbonyl oxygen assuring an ideal ESIPT geometry is achieved. It has been reported that polar protic solvents such as methanol or ethanol prevent the formation of an intramolecular hydrogen bond in the ground state and, consequently, diminish the efficiency of the singlet ESIPT. This enabled Nagaoka and co-workers to measure the phosphorescence spectra of the triplet intermediates. 15 Hoshimoto and coworkers used time-resolved EPR to study ESIPT in oHA in ethanol and concluded that the formation of 3 q4 * is consistent with the singlet state ESIPT followed by ISC to give the triplet excited state. 14 In this work, we performed nanosecond LFP supported by quantum chemical calculations based on the DFT to find whether the triplet excited oHP intermediates are responsible for the group's release and to reveal the subtleties of the triplet ESIPT. Analogous to our recent study of triplet state tautomerization processes of a related system, namely, p-hydroxyacetophenone, 20 four species were anticipated to co-exist in the triplet manifold of 4 (Chart 1). DFT calculations on these species predicted that a minimum which would correspond to conformer of 3 
4
* retaining an intramolecular hydrogen bond could not be determined. The hydroxy group proton was transferred to the carbonyl oxygen to give 3 q4 * during the optimization process. This suggests that there is very little, if any, barrier for the formation of 3 q4 * except for rotational barriers of the hydroxy or acetyl groups. Any conformer of 3 4 * is destabilized compared to the most stable conformer of 3 q4 * by more than 24 kcal mol −1 (Fig. S11 ‡) . Thus the equilibrium constant of 3 
* ⇌ 3 q4 * is pK E Fig. 7 The triplet-triplet absorption spectra employing the linearized harmonic reflection principle calculated for the most stable conformer of the 4 triplet species -neutral 3 
20
LFP of 4 provided a band at ∼400 nm in all solvents used at neutral pH. The rise of this band was not resolved within the time resolution of our LFP setup (∼5 ns). Its lifetime was prolonged ∼20 times upon degassing which confirms a triplet nature of the transient. Adjusting pH to 3.3 did not influence its shape or lifetime. Thus, we assigned this band to 3 q4 * with the help of our TD-DFT calculations (Fig. 7) . A new band with a maximum at ∼450 nm appeared for derivatives 3 and 4 in the presence of a base (Fig. S7 ‡ and Fig. 5 ) and, according to the kinetics observed for both aerated and degassed solutions and quantum chemical calculations, it was assigned to the triplet conjugate bases 3 3c −* and 3 4 −* . In highly acidic solutions, a band with a maximum at 425 nm was attributed to 3 4 +* . No signal, which would correspond to 3 4 * (a calculated spectrum in Fig. 7 ), was observed under any experimental condition within the response time of our apparatus. These results are summarized in Scheme 7.
The most striking observation came from a comparison of the decay rate constant changes found for 3 q3b
* and 3 q4 * in aerated and degassed solutions ( * cannot be effectively quenched by oxygen due to its short lifetime (τ ≤ 1 ns). We were able to observe a statistically significant (at 95% confidence level, Table 3 ) decrease of the quantum yield in the oxygen-saturated solutions in all samples in which only 3 q3 * is present (Fig. S8 ‡ Table 3 , entries 2 and 3). In addition, we found an even greater, statistically significant, decrease in the quantum yield in oxygen-saturated solutions at neutral pH (Table 3 , entry 1) where both 3 3b −* and 3 q3b * were present (Fig. S6a ‡) . This suggests that the acetate release may have taken place from both 3 3b −* and 3 q3b * regardless of a very low triplet energy of the latter species. The release rate constant from 3 q3b * was estimated from our LFP measurements to be ∼2 × 10 5 s −1 provided that the ISC rate constants of 3 q3b * and 3 q4
* are comparable. The oxygen concentration in non-degassed water/acetonitrile solutions amounts to ∼10 −3 M, 35 sufficiently high to interfere with the release step. Inability to unambiguously confirm that 3 q1
* is not responsible for the leaving group release originates from the ISC rate k ISC = 5 × 10 6 s −1 found in degassed aqueous solutions for 3 q1 * (X = H), 20 which is higher than that of 3 q4 * by two orders of magnitude (Table 4) . Therefore, it is not its low triplet energy but the release step itself, that cannot efficiently compete with ISC, provided its rate constant equals to that calculated for * is not capable of efficient release of the leaving group. The quantum yields of the photoreaction of 3b,c are half of those reported for the pHP derivatives 1. The steady-state sensitization experiment clearly show that triplet energy transfer to 3 leads to the photoproducts. It must be 3 3 * that is populated by the energy transfer because none of the diastereomers of q3 are populated in the ground state (Fig. S11 ‡) . However, the LFP spectra measured upon excitation of xanthenone followed by diffusioncontrolled triplet energy transfer (∼3.8 × 10 9 M −1 s −1 , ESI ‡) do not contain any detectable amounts of 3 3 * . Therefore, triplet ESIPT has occurred fully within 20 ns (Fig. 6 ). In addition, * ) is detected within the response time of our apparatus (5 ns) upon direct irradiation of 4. This, together with the results of our quantum chemical calculations, suggests that the decrease in the quantum yields, compared to pHP cages, is a consequence of very fast ESIPT, which is under investigation in our laboratories at the moment. The proposed mechanism of oHP photoreaction is presented in Scheme 9.
Scheme 7 Triplet-state proton transfer equilibria of 4. This journal is © The Royal Society of Chemistry and Owner Societies 2012
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Conclusions
In conclusion, the oHP group can be utilized as a photoremovable protecting group for mediocre and good leaving groups. The major advantages are its ease of synthesis, ground state pK a > 8, and bathochromically shifted absorption spectrum with appreciable molar absorption coefficients above 350 nm compared to pHP derivatives. The deprotection quantum yield is most probably lowered by competing, non-productive adiabatic tautomerization reactions, in which the ESIPT represents a dominant energy wasting pathway. We found that the leaving group is released predominately from a short-lived triplet state ( 3 3 * ) but also inefficiently from both the 3 3 −* and 3 q3 * intermediates.
Experimental Quantum yields measurements
The quantum yield measurements were performed on an optical bench consisting of a 40 W medium pressure mercury lamp equipped with a 313 nm band-path filter. The concentrations of the sample solutions were in the range between 5 × 10 −4 and 1 × 10 −3 M. Hexadecane and ethyl benzoate (1 × 10 −3 M) were used as GC and HPLC internal standards, respectively. A sealed capillary containing TMS in CD 3 CN was used as an internal standard for NMR measurements. 2-Nitrobenzaldehyde in acetonitrile 17 and valerophenone in cyclohexane 18 were used as the actinometers. The reaction conversions were always kept below 15% to avoid the interference of photoproducts. The relative standard deviations of the mean for multiple (at least three) samples were found to be below 10% in all analyses.
Laser flash photolysis
The nanosecond laser flash photolysis setup was operated in a right angle arrangement of the pump and probe beams. Laser pulses of ≤700 ps in duration at 355 nm (120-200 mJ) or 266 nm (30-80 mJ) were obtained from a Nd:YAG laser and were dispersed over the 4 cm optical path of a quartz cell by a cylindrical concave lens. The absorbance of the sample solution was adjusted to 0.3-0.5 (1 cm cell) at the wavelength of excitation. A pulsed 75 W xenon lamp was used as the source of probe white light. Kinetic ( photomultiplier) and spectrographic detection (ICCD camera) of the transient absorption were available. Measurements were performed at ambient temperature (20 ± 2°C). Oxygen was removed from the sample solutions by repeated freeze-thaw cycles under reduced pressure (5 Pa). Synthesis 2-(2-Hydroxyphenyl)-2-oxoethyl benzoate (3a). 2-Bromoo-hydroxyacetophenone (5, 2.56 g, 11.9 mmol; ESI ‡) in acetone (5 mL) and TEA (1.6 mL, 11.9 mmol) were added to a solution of benzoic acid (1.45 g, 11.9 mmol) in acetone (30 mL) at 20°C. The reaction mixture was then refluxed. When the conversion reached >98% as measured by gas chromatography (GC, ∼2 h), the mixture was cooled to 20°C, filtered, and the solvent was removed under reduced pressure. The resulting solid was dissolved in ethyl acetate (20 mL) and water (20 mL) was added. The aqueous layer was separated and washed with ethyl acetate (20 mL). The combined organic layers were washed with water (20 mL) and brine (20 mL), dried over MgSO 4 , filtered, and the solvent was removed under reduced pressure to give the crude title product. The compound was purified using flash column (Fig. S12 ‡) . 13 (Fig. S15 ‡) . 13 1 mmol) and methanesulfonic acid (0.88 mL, 13.5 mmol) in acetonitrile (150 mL) was vigorously stirred overnight at 60°C. After the starting material disappeared (TLC), the reaction mixture was cooled to 20°C, filtered through a Celite pad, and the solvent was removed under reduced pressure. The compound was purified from the residue using flash column chromatography (ethyl acetate-n-hexane, 1 : 2, v/v). Yield: 0.95 g (62%); white crystals; mp 78.0-80.2°C. 1 (Fig. S18 ‡) . 13 
Photochemical experiments
Irradiation in NMR tubes (a general procedure). A solution of the corresponding phenacyl derivative (3a-c, 6 or 1, X = benzoate, ∼2 mg) in a deuterated solvent or solvent mixture (0.50-0.75 mL) was irradiated either in a Rayonet reactor at λ = 300 ± 20 nm or with a 40 W medium-pressure mercury lamp equipped with a 313 nm band-pass filter. NMR cuvettes also act as a Pyrex filter (λ irr ≥ 280 nm).
1 H NMR spectra were measured in the corresponding time intervals to follow the course of the reaction.
Preparative-scale irradiation. Irradiation was carried out in two different ways: (i) a large test tube containing a sample solution (c = 0.01-0.02 M, 70-100 mL) was fitted with a rubber septum and the sample was degassed by bubbling with argon for 10 min. The test tube was then irradiated in an immersion well.
(ii) For a larger-scale reaction (c = 0.01-0.02 M in 250 mL), photolysis was carried out in an immersion well equipped with a quartz cooling jacket and a condenser. A 450 W mediumpressure mercury arc lamp with a Pyrex filter (λ > 290 nm) was used as a light source.
Characterization of the photoproducts. Identification of the photoproducts was based on NMR analyses and a comparison of their mass spectra (GC-MS) and the GC retention times with those obtained from authentic samples.
Benzofuran-3(2H)-one (9) . The title compound was separated from the irradiated solution of 3a-c in the corresponding solvent (Table 1) Benzofuran-2(3H)-one (10) . The title compound was separated from the irradiated solution of 3a-c in the given solvent ( 6 .97 (dt, 1H, J 1 = 7.6 Hz, J 2 = 0.7 Hz), 7.30 (dt, 1H, J 1 = 7.9 Hz, J 2 = 1.0 Hz), 7.36 (dd, 1H, J 1 = 7.6 Hz, J 2 = 0.7 Hz) (Fig. S24 ‡) . 13 
